Abstract-We propose a genuinely temperature-insensitive quantum dot (QD) laser. Our approach is based on direct injection of carriers into the QDs, resulting in a strong depletion of minority carriers in the regions outside the QDs. Recombination in these regions, which is the dominant source of the temperature dependence, is thereby suppressed, raising the characteristic temperature 0 above 1500 K. Still further enhancement of 0 results from the resonant nature of tunneling injection, which reduces the inhomogeneous line broadening by selectively cutting off the nonlasing QDs.
I. INTRODUCTION
T HE FIRST proposal of a semiconductor laser exploiting quantum dots (QDs) as the active medium was put forward by Arakawa and Sakaki in 1982 [1] . Ultrahigh temperature stability of operation was predicted to be one of the main advantages of QD lasers over conventional quantum-well (QW) lasers. Nevertheless, despite significant recent progress in the fabrication of QD lasers [2] - [11] , their temperature stability has fallen far short of expectations. Even though the best results for the all-important parameter , describing empirically the temperature dependence of the threshold current density and defined as , are quite respectable for QD lasers, matching, and even exceeding the best results reported for QW lasers at room temperature, so far they have been nowhere near the predicted "infinite" values that would allow one to regard the laser as temperature insensitive.
The dominant source of the temperature dependence of is parasitic recombination outside the QDs, primarily in the optical confinement layer (OCL). In the conventional design, the OCL is a conductive medium where the QDs are embedded in such a way that carriers in the OCL and in QDs are in thermal equilibrium at room temperature. Consequently, the component of associated with recombination in the OCL depends exponentially on and the total threshold current becomes temperature dependent [12] .
Another mechanism of the -dependence in QD lasers is the inhomogeneous line broadening due to the QD size dispersion [13] . Experimental progress in controlling the QD parameters Manuscript during the structure growth has been impressive; nevertheless, even in the best devices the measured gain and spontaneous emission spectra still indicate a significant QD size dispersion. Physically, the effect of QD size dispersion on is similar to that due to recombination in the OCL in the sense that the inhomogeneous line broadening is associated with undesired pumping of nonlasing QDs. So long as the electron and hole populations in the nonlasing QDs are in equilibrium with those in the active QDs, the fraction of arising from the recombination in nonlasing QDs depends on and the characteristic temperature is no longer infinite. Quantitatively, the effect of inhomogeneous broadening on is further discussed below. Still another mechanism of the -dependence of is associated with the violation of charge neutrality in QDs [14] . This leads to a temperature dependence of the recombination current in the lasing QDs themselves arising from the fact that carrier populations there are no longer fixed by the generation condition. Violation of charge neutrality is the dominant mechanism of temperature sensitivity at low temperatures [12] but is unimportant at 300 K. In this article, we shall not concern ourselves with this effect and assume charge neutrality.
As will be shown below, elimination of the OCL recombination alone results in a dramatic improvement of the temperature stability. To accomplish this we propose a novel QD laser design, based on tunneling injection of carriers into the QDs wherein they recombine radiatively. Our design allows to both suppress the parasitic components of threshold current and diminish the effect of inhomogeneous line broadening.
Carrier injection by tunneling has been successfully tested in the context of QW lasers. Bhattacharya and coworkers [15] - [17] have realized tunneling-injection QW lasers and demonstrated improved modulation characteristics, lower wavelength chirp, and superior high-temperature performance as compared to conventional QW lasers.
II. LASER STRUCTURE
A schematic view of the structure and its energy band diagram are shown in Fig. 1 . Basically, we have a separate confinement double-heterostructure laser. Electrons and holes are injected from -and -cladding layers, respectively. The QD layer, located in the central part of the OCL, is clad on both sides by QWs separated from the QDs by thin barrier layers. Injection of carriers into QDs occurs by tunneling from the QWs. The key idea of the device is that the QWs themselves are not connected by a current path that bypasses the QDs. Electrons (coming from the left in Fig. 1 ) can approach the right QW only through the confined states in the QDs. Similarly, holes cannot directly approach the left QW. (a) Schematic view and (b) the energy band diagram of a tunneling-injection QD laser. The QWs and the QDs (not drawn to scale) are assumed implemented in the same material, although this does not have to be necessarily the case in general. The electron-injecting QW is wider than the hole-injecting QW and both QWs are narrower than the QD to accomplish resonant alignment of the majority-carrier subbands with the QD energy levels. The tunnel barrier on the electron-injecting side is made thicker to suppress the leakage of the holes from the QD.
To realize this idea, the following conditions must be met.
1) The QW material and the thickness should be chosen so that the lowest subband edge in the injecting QW matches the quantized energy level for the corresponding type of carrier in the average-sized QD (the QWs may or may not be of the same material as the QDs).
2) The barriers should be reasonably high to suppress the thermal emission of carriers from the QWs.
3) The material separating QDs from each other in the QD layer should have a sufficiently wide bandgap to suppress all tunneling other than via the QD levels. This material may be the same as that of the barrier layers; 4) The barrier layers should be thin enough to ensure effective tunneling between the QW and QD states. At the same time, the separation between the adjacent QDs in the QD layer should be large enough to prevent any significant tunnel splitting of the energy levels in neighboring QDs (otherwise, such a splitting would effectively play the same role as the inhomogeneous line broadening).
We should note that a fraction of injected carriers might not recombine in the QD, but escape in a second tunneling step into the "foreign" QW and recombine with the majority carriers there. The size of this fraction depends on the ratio of the escape tunneling rate to the QD recombination rate and is practically independent of the temperature. Clearly, the escape tunneling does not lead to a temperature dependence of threshold current; nevertheless, in a sensible design, this form of leakage should be minimized to lower the value of . A possible way of suppressing the escape tunneling is illustrated in Fig. 1(b) . It takes advantage of the lower electron effective mass compared to the hole mass, but uses this advantage differently on the electronand hole-injecting sides of the structure. On the p-side, when the hole level in the QD is aligned with the hole subband in the hole-injecting QW, the electron subband edge in that QW will be necessarily above the electron level in the QD, thus suppressing the tunneling escape of electrons. On the n-side, this trick does not work, since the resonant alignment of the electron subband in the QW and the electron level in the QD does not prevent tunneling of QD holes into the electron-injecting QW. However, due to the effective mass difference, we can design a wider tunnel barrier on the electron-injecting side, such that it effectively suppresses the tunneling escape of holes while still being relatively transparent for electrons.
III. SUPPRESSION OF THE PARASITIC RECOMBINATION CHANNELS
The general equation for the injection current density per unit area of the junction is (1) where radiative constant for the OCL (given by [13, eq. (10) averaging over the inhomogeneously broadened ensemble of QDs. The free-carrier densities in the OCL, the 2-D-carrier densities in the QWs, and the confined-carrier level occupancies in the QDs are related by rate equations [13] , [18] .
The modal gain spectrum of a QD laser is given by
where fine structure constant; dielectric constant of the OCL; Kane's parameter; photon energy; decay constant of the electric field along the transverse direction in the cladding layers (to be found from the eigenvalue equation-see [13] ); transition energy in a QD of size . The maximum (saturation) value of the modal gain spectrum peak is inversely proportional to the inhomogeneous line broadening (3) where is a numerical constant ( and for the Lorentzian and Gaussian QD size distribution functions, respectively),
, and is the transition energy in the QD of the average size .
At lasing threshold, the peak spectral value of the modal gain equals the total loss . This equation determines the values of the electron and hole level occupancies at the lasing threshold. (In the absence of charge neutrality, one needs another relation between the electron and hole level occupancies, which is derived self-consistently from electrostatic considerations). Using the evaluated level occupancies in the rate equations, one calculates , , and , , and eventually the threshold current density [see (1) ]. In the proposed structure, carriers cannot bypass the QDs on their way from one QW to another. This means that QDs play the role of a sole reservoir of electrons (holes) for the QW and the OCL region adjacent to -cladding ( -cladding). Therefore, the density of minority carriers in these regions will be negligible. Hence, outside the QDs there will be no region in the structure where both electron and hole densities are simultaneously high. The electron density is high where the hole density is negligible, and vice versa. This strongly suppresses the parasitic components of the threshold current [the first two summands in (1)], which would otherwise give the main contribution to the temperature dependence. The spontaneous radiative recombination rate is nonvanishing solely in the QD layer.
With the parasitic recombination channels suppressed, we can expect only a slight temperature dependence of [ is given by the last term in (1)] caused by inhomogeneous line broadening. Defining the injection efficiency as the QD fraction of the total injection current, i.e., as , we can write 
where and are defined similarly to for the threshold current components associated with the recombination in QDs [ ] and outside the QDs [the sum of the first two terms in (1)].
The characteristic temperature is much higher than . Indeed, the value of calculated for the first term in (1) is below 100 K at room temperature (see [12, Fig. 8]) , whereas the calculated value of due to inhomogeneous line broadening is over 1000 K (see below). Hence, the characteristic temperature increases dramatically with increasing injection efficiency (Fig. 2) . When the entire injection current is consumed in QDs, which is the case in the tunneling-injection QD laser, the dominant remaining contribution to temperature dependence is from inhomogeneous broadening and the characteristic temperature should be very high. (5), as shown at the bottom of the page, where is the root mean square (rms) of the relative QD size fluctuations, , and and are, respectively, the first and the second derivatives of the quantized energies with respect to the QD size taken at . For a Gaussian distribution, the full-width at half-maximum (FWHM) is . In (5), the level occupancy at the lasing threshold is , where is the maximum tolerable QD size fluctuation, beyond which no lasing is possible (see [18, eq. (25) ])
The dependence of on is nonmonotonic (Fig. 3) . The decrease of at small is due to the increasing thermal population of the nonlasing QDs. At large QD size dispersion, when , must approach unity to satisfy the generation condition. Full occupancy (quasi-Fermi levels ) forces temperature independence of at the price of an extremely high total current. Needless to say, large QD size dispersion is not a desired limit.
As seen from Fig. 3 , the device is practically temperature insensitive over the entire range of with even the smallest (attained with a QD size distribution of FWHM 46%) being over 1500 K. Such a can be essentially considered infinite for most practical purposes. We emphasize that this dramatic improvement results solely from the suppression of recombination channels outside the active region.
It interesting to note, however, that another still "finer" effect in the proposed structure will further enhance its temperature stability. This effect stems from the resonant nature of tunneling injection which leads to an effective narrowing of the inhomogeneous linewidth. Indeed, such a mechanism of injection inherently selects the QDs of the "right" size, since it requires the confined-carrier levels to be in resonance with the lowest subband states in the QW. When this condition is met by the QDs of average size, i.e., when QDs with are resonant, the number of active QDs will be maximized. Consider this situation. For QDs with , tunneling transitions can only be mediated by phonons. The rates of such transitions are much lower and can be safely neglected. Hence, QDs of sizes larger than the average are effectively cut off. Smaller-size QDs are also cut off, although perhaps less efficiently, because their energy levels would be pumped from higher-momentum states in the injecting QW subband. The higher the in-plane momentum of a 2-D carrier Fig. 4 . Characteristic temperature against fraction of the lasing QDs. As a model, an ensemble of QDs of two characteristic sizes is considered (see the Appendix). QDs of the larger size (a ) are assumed to be in resonance with the QWs. 1 = " 0 " is the separation between the quantized energy levels in the QDs of two sizes. The value of 1=T 1:39, at which T is a minimum for r = 0:5 (see Fig. 5 ), is taken. The inset shows the density of states in QDs.
in the QW, the lower is the probability of tunneling transition that results in its capture by the QD.
Selective injection means that the nonlasing QDs are not pumped either. As a result, the threshold current will decrease and the temperature stability of will be further enhanced. This is shown in Fig. 4 , where is plotted against the fraction of the lasing QDs. As , [see also (A2)]. In this article, for the purpose of a general discussion of the advantages of tunneling-injection QD lasers, we did not intentionally focus on the specific details of the device design. Calculations for different possible structures are now in progress.
IV. CONCLUSION
A novel approach to QD laser design has been proposed. The approach is based on tunneling injection of carriers into the QDs and offers the possibility of achieving an ultrahigh temperature stability-the key desired advantage of QD lasers. Tunneling injection suppresses recombination outside the QDs, which is the main cause for the temperature dependence of threshold current in QD lasers. The characteristic temperature 1500 K has been shown to be attainable with tunneling injection. Still further enhancement of is possible owing to an inherently suppressed pumping of the nonlasing QDs.
In the proposed structure, the only remaining contribution to temperature dependence of will result from the violation of charge neutrality in QDs. The slight temperature dependence of arises from the independent variation of and . Unconstrained by neutrality the occupancies of the electron and hole levels in the QD are no longer fixed by the generation condition and become temperature dependent [12] . Consideration of the neutrality-violation effect in the tunneling-injection QD lasers is beyond the scope of this article. It suffices to point out that, in a conventional QD laser, the calculated value of limited by this effect is over 1000 K at room temperature (see [12, Fig. 8]) . Moreover, the resonant nature of tunneling injection should favor the correlation of the occupancies of any given QD by electrons and holes. In an idealized structure, we can expect that all the active QDs will remain neutral and then will be literally infinite. where , surface densities of the QDs of two sizes; level occupancy in the QDs of the larger size; separation between the quantized energy levels in the QDs of two sizes (we assumed , , and the thermal equilibrium between QDs). Equation (A1) illustrates the contribution to the temperature dependence of in a conventional QD laser caused by inhomogeneous broadening. It arises due to the thermal population of those QDs that are not contributing to the lasing (in this model, they are lumped into one group of smaller size ). From this effect alone, in the absence of any other mechanism for temperature dependence, the characteristic temperature would be finite (though very high) (A2) where is the fraction of the QDs contributing to lasing. Fig. 5 shows the characteristic temperature (normalized to ) as a universal function of . Note that plays the role of inhomogeneous line broadening (contrast with Fig. 3) . Like in Fig. 3 , a decrease of at small is caused by the increasing thermal population of the nonlasing QDs. However, the increase of at large occurs here for a different reason, peculiar to the bi-modal ensemble of QDs we are considering. It is simply explained by the decreasing thermal population of the smaller-size QDs with increasing . In contrast to the Gaussian ensemble, this model does not show an asymptotic divergence of as in Fig. 3 , since there is no critical analogous to and increasing at a constant does not force .
